Articles nAture methods | VOL.13 NO.3 | MARCH 2016 | 269 to enable the detection of expression signatures specific to individual cells, we developed PlAYr (proximity ligation assay for rnA), a method for highly multiplexed transcript quantification by flow and mass cytometry that is compatible with standard antibody staining. When used with mass cytometry, PlAYr allowed for the simultaneous quantification of more than 40 different mrnAs and proteins. in primary cells, we quantified multiple transcripts, with the identity and functional state of each analyzed cell defined on the basis of the expression of a separate set of transcripts or proteins. By expanding high-throughput deep phenotyping of cells beyond protein epitopes to include rnA expression, PlAYr opens a new avenue for the characterization of cellular metabolism.
The ability to measure single-cell gene expression in complex samples, such as heterogeneous cancers or tissues undergoing an immune response, can lead to a better understanding of systemwide cellular interactions and function.
Single-cell RNA-seq is currently a method of choice for studying transcript expression in up to thousands of individual cells in a single experiment [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, aspects of sample handling (including the separation of live cells before lysis) have been shown to induce significant alterations in the transcriptome 13 . Moreover, RNA-seq does not allow simultaneous detection of protein epitopes and transcripts, and throughput is limited by cost, protocol complexity and available sequencing depth. These limitations notwithstanding, the combination of genome-wide expression and precise quantification through the use of unique molecular identifiers makes single-cell RNA-seq an exceptionally promising technology 14 .
A complementary approach is to quantify a smaller number of transcripts while increasing the number of cells that can be analyzed. Flow cytometry allows multiple parameters to be measured in hundreds to thousands of cells per second. Fluorescence in situ hybridization (FISH) protocols have been adapted to quantify gene expression on cytometry platforms [15] [16] [17] [18] [19] [20] . Such experiments require bright FISH signals with excellent signal-to-noise ratios, as flow cytometry does not provide the subcellular imaging highly multiplexed simultaneous detection of rnAs and proteins in single cells Andreas P Frei 1,5 , Felice-Alessio Bava 1,5 , Eli R Zunder 1,2 , Elena W Y Hsieh 1,3,4 , Shih-Yu Chen 1 , Garry P Nolan 1 & Pier Federico Gherardini 1 resolution necessary to distinguish individual RNA signals from diffuse background. DNA padlock probes in combination with rolling circle amplification 21, 22 (RCA) and branched DNA technology 23 have been used to generate strong hybridization signals.
Recently the branched DNA approach was successfully applied to flow cytometry 24 , but the availability of only three non-interfering branched DNA amplification systems and the spectral overlap of fluorescent reporters complicate multiplexing.
Our PLAYR system addresses these limitations by enabling the simultaneous detection of protein epitopes and multiple RNA targets routinely in thousands of cells per second. The method preserves the native state of input cells; detects transcripts without the need for cDNA synthesis; and is compatible with flow cytometry, mass cytometry and microscope-based imaging systems. Making use of the different measurement channels of mass cytometry 25 , this approach enables the simultaneous quantitative acquisition of more than 40 different proteins and RNAs. We expect that PLAYR will lead to a better understanding of stochastic processes in gene expression [26] [27] [28] and allow for deeper insights into complex cell populations. results overview of PlAYr technology and probe design PLAYR uses the concept of proximity ligation 29, 30 to detect individual transcripts in single cells ( Fig. 1a ) and is compatible with immunostaining. Pairs of DNA oligonucleotide probes are designed to hybridize to two adjacent regions of target transcripts in fixed and permeabilized cells. Each probe includes one region to selectively hybridize to its cognate target RNA sequence and a second region to act as a template for the binding and circularization of two additional oligonucleotides (termed backbone and insert). When hybridized to an adjacent probe pair, backbone and insert oligonucleotides can be ligated and amplified through RCA by phi29 polymerase to produce concatenated complementary copies of the original circle 31 . The amplified product of any probe pair can then be detected using an oligonucleotide labeled with fluorescence (for flow cytometry) or a metal (for mass cytometry using a CyTOF instrument 25 ).
Because both PLAYR probes must hybridize independently in order for the ligation and RCA to take place, the approach yields low background binding and high specificity. Nonspecific, off-target binding of single probes does not result in a signal. This is in contrast to FISH approaches, in which nonspecific binding of individual probes can lead to background signals that cannot be distinguished from specific RNA signals by flow cytometry. PLAYR can be multiplexed via the use of designed oligonucleotides with different insert regions that act as cognate barcodes for given transcripts 32 . Different insert sequences are designed to have the same melting temperatures and base compositions and form RCA products with similar efficiency (Supplementary Fig. 1 ). To ensure that RCA products uniquely barcode a particular transcript, the insert sequences do not have common substrings longer than 4 bases.
We developed an open-source, user-friendly R software package for the rapid design of PLAYR probes ( Supplementary Fig. 2 and Supplementary Software) that includes a graphical user interface. Candidate probe pairs with similar thermodynamic properties are produced using Primer3 (ref. 33) , and the application displays their location along the target transcript. BLAST matches to other transcripts or repetitive genomic sequences 34 and the position of nonconstitutively spliced exons are also given (additional comments regarding probe design can be found in Supplementary  Fig. 2 ). For each gene, the user can then use these features to guide manual selection of the best probe pairs, in combination with one of the PLAYR insert systems for multiplexing. The software then outputs complete probe sequences for detecting transcripts of interest (a list of all probe and backbone-insert system sequences used in this study is presented in Supplementary Table 1 ).
simultaneous single-cell quantification of proteins and rnAs
We first designed probe pairs for the β-actin gene (ACTB). Applying PLAYR with these probes led to a flow cytometry signal that was well above background in Jurkat T cells ( Supplementary Fig. 3) .
No signal was observed if any component of signal generation or amplification was omitted. Similarly, no signal was observed when sense probes, probes with the same half of the insert-targeted sequence, or combinations of probes targeting different genes were used (Supplementary Fig. 3 ).
To further demonstrate specificity, we used one or several probe pairs designed to detect CD10 (MME) and CD3E transcripts, which are expressed in pre-B cells and T cells, respectively ( Supplementary Fig. 4 ). As expected, signal intensities for these transcripts increased when multiple PLAYR probe pairs were used simultaneously. In certain cases the signal increase was more than additive, which might have been a result of the formation of RCA products from nonadjacent probes on the same transcript. For instance, bound probes may be brought into proximity in unexpected manners by the structure of RNA molecules in three dimensions. Supporting this, we observed an inverse relationship between the strength of the signal and the distance in the target hybridization regions of two probes ( Supplementary Fig. 4) .
Using a mixture of more than one probe pair for each transcript increases signal and improves sensitivity. Using probe pairs that target different regions of a transcript also makes the results for individual genes more reproducible, as it limits variability due to differences in probe accessibility to target sites, secondary RNA structure and alternative splicing. We recommend using four or five probe pairs whenever possible, because we found that this number of probe pairs per gene generally led to reliable and robust detection of both rare and highly abundant transcripts. Fewer probes can be used if a transcript is known to be highly abundant.
Because PLAYR is used primarily to investigate the abundance of a given transcript across different biological conditions, rather than to compare expression levels of different transcripts, varying numbers of probe pairs can be used to simultaneously detect different transcripts with different expression levels. Compared to single-molecule FISH and branched DNA approaches, PLAYR uses a small number of probes, which allows for the selection of probes with ideal properties and for targeting of short transcripts. We note that carefully designed probe pairs could be used to npg delineate splice-variant complexities and genomic translocations in genes of interest. Using five probe pairs per gene, we detected the housekeeping genes HMBS, PPIB and GAPDH in U937 cells by mass cytometry ( Fig. 1b) , demonstrating a dynamic range of detection from high-abundance (GAPDH) to low-abundance transcripts (HMBS, detected at about ten copies per U937 cell using branched DNA technology 24 ). To investigate the relationship between PLAYR signal and transcript abundance, we compared PLAYR and reversetranscription quantitative PCR (RT-qPCR) results for the induction of the cytokines interferon-γ (encoded by IFNG) and chemokine ligand 4 (encoded by CCL4) in NKL cells at different time points after stimulation with PMA (phorbol 12-myristate 13-acetate)ionomycin. Measurements obtained using the two platforms were correlated (R 2 values of 0.93 (CCL4) and 0.72 (IFNG)), indicating that PLAYR can be used to assess relative changes in transcript abundance across different biological conditions ( Fig. 1c) .
To use PLAYR for the detection of both transcripts and proteins, we optimized the protocol using conditions that preserve antibody binding. The best results were obtained when antibody staining was performed immediately after cell fixation and was followed by amine-to-amine cross-linking using the BS3 (bis(sulfosuccinimidyl)suberate) cross-linker to prevent antibodies from being washed away. This cross-linking step made PLAYR compatible with the majority of antibodies tested. We found that transient permeabilization by the addition of 0.2% saponin in the presence of RNase inhibitors during antibody staining preserved RNA integrity (Supplementary Fig. 5 ) and allowed intracellular proteins to be stained with antibodies.
Using this protocol, we stimulated NKL cells with PMAionomycin in the presence of protein-secretion inhibitors and determined changes in interferon-γ protein and transcript levels as a function of time ( Fig. 1d) . Thus PLAYR allowed us to study the dynamic nature of transcription and translation at the single-cell level. Both RNA and protein expression consistently showed bimodal distributions, which suggests that not all cells in this supposedly homogeneous cell line responded equally to stimulation and highlights the potential of PLAYR to assess the functional capacity of individual cells in complex populations.
highly multiplexed protein and transcript detection
With the insert-based multiplexing strategy ( Fig. 1a) , multiple targets can be detected simultaneously within individual cells. We designed probes to target 14 different transcripts and evaluated them by mass cytometry first individually and then simultaneously in Jurkat T cells ( Fig. 2a) . Combinations of noncognate probe pairs included as controls did not lead to observable signals even in the presence of insert-backbone oligonucleotides. Furthermore, the signal amplitude for any given target in the multiplexed sample was not affected by the presence of oligonucleotides npg against noncognate targets and corresponding amplification products. This suggests that the number of transcripts that can be quantified within a single cell is limited only by the number of reporters that can be conjugated to detection oligonucleotides and analyzed simultaneously with a given platform. We used the multiplexing capability of PLAYR to simultaneously detect the transcripts of 11 different cytokines and other effector molecules in NKL cells that had been primed with three cytokines (interleukin-2 (IL-2), IL-12 and IL-18) and stimulated with PMAionomycin. Instead of a uniform cellular response, simultaneous transcript quantification revealed complex combinatorial RNA expression patterns in this supposedly homogeneous clonal cell line (Fig. 2b) . To identify functional NKL subpopulations, we clustered cells on the basis of expression of induced effector transcripts, which revealed a remarkable complexity of cellular responses (Fig. 2c) . A number of studies 35, 36 have shown that supposedly homogeneous cell populations in primary samples also express such a remarkable diversity of cytokine combinations. Although the functional implications are still poorly understood, the study of any such combinatorial phenomenon clearly benefits from the increased parameterization enabled by PLAYR.
Transcript measurements can be used to both define cell types and study gene expression. Experiments measuring only RNA can be set up at a fraction of the cost associated with antibody-based experiments and are not limited by the availability of antibodies for genes of interest. We analyzed an artificial mixture of cells that contained mouse embryonic fibroblasts, mouse embryonic stem cells (mESCs) and differentiating mESCs on the basis of expression of 15 different transcripts. We then visualized the data using viSNE 37 and found three populations of cells in the mixture that were clearly defined on the basis of RNA expression ( Fig. 3a) . We were subsequently able to study different markers of pluripotency (e.g., Nanog), differentiation (e.g., Thy1), proliferation (Mki67) and pluripotency-associated long intergenic noncoding RNAs (Lncenc1) in the context of this cellular system (Fig. 3b) . In an independent experiment with mESCs, we measured 22 different transcripts including negative controls in 16 technical replicates. The results demonstrated the very high reproducibility of PLAYR for both low-abundance and highabundance transcripts (Supplementary Fig. 6) .
To demonstrate the ability of PLAYR to uncover differences in RNA and protein expression and to compare the use of each data type for cell-type detection, we analyzed primary human peripheral blood mononuclear cells (PBMCs) for ten cell-surface proteins and corresponding transcripts. In this case, protein markers were first used to visualize the major cell types in peripheral blood in a viSNE 37 analysis (Fig. 3c) . Overlaying data for the corresponding transcripts demonstrated remarkable cell-type specificity in mRNA expression patterns (Fig. 3d) . In general, transcripts showed more gradual differences than the corresponding proteins, and we found protein but essentially no transcript for ITGAX in a distinct subpopulation of cells (Fig. 3e) . Such discrepancies can be explained by the longer half-lives of proteins compared to transcripts, post-transcriptional regulation and the fact that transcription has been observed to occur in npg bursts [26] [27] [28] . Accordingly, this type of analysis demonstrates some of the challenges of defining cell types on the basis of individual transcripts and the potential of PLAYR for studying the relationships of transcripts and proteins within individual cells in complex primary samples.
Profiling of cytokine transcript induction in primary samples
We next used PLAYR to monitor cytokine transcript induction in PBMCs after stimulation with lipopolysaccharide (LPS) to correlate protein marker expression with the functional capacity of individual cells. Cytokine expression in single cells is traditionally evaluated on the protein level by flow cytometry after treatment with secretion inhibitors that lead to accumulation of cytokines in the cells. This approach precludes the study of (and is complicated by) paracrine effects, such as intercellular communication and feedback loops. We profiled protein markers in human PBMCs to distinguish cell populations and monitored the expression of a panel of cytokine transcripts using PLAYR with both flow cytometry and mass cytometry. The fluorescence experiment detected four transcripts and four surface markers, whereas mass cytometry allowed for the simultaneous quantification of eight transcripts and 18 protein epitopes.
In both experiments, antibody staining enabled gating of distinct cell populations (gating is shown for mass cytometry in Fig. 4a and for flow cytometry in Supplementary Fig. 7) . As expected, cytokine production was restricted to the monocyte compartment and therein was confined mostly to cells that expressed the LPS coreceptor CD14 (Fig. 4b) . Moreover, different cytokines consistently exhibited distinct expression dynamics. For example, tumor necrosis factor-α (encoded by TNF) and IL-8 (encoded by CXCL8) were induced early, and expression of the former peaked between 2 and 4 h after induction, whereas expression of the latter continued npg to increase during the entire time course. Conversely, expression of IL-6 (encoded by IL6) was strongly induced only after 4 h ( Fig. 4c,d) . These results recapitulated previous individual observations 38, 39 and confirmed that PLAYR effectively detects RNA expression in specific cellular subpopulations. Interestingly, whereas CXCL8 at its peak was expressed in the entire CD14 + monocyte compartment, a distinct population of CD14 + cells did not express TNF (Fig. 4e) , underscoring the utility of protein and RNA codetection for identifying functional differences. Analysis of the high-dimensional CyTOF data for the cytokineinduction experiment demonstrated that all major PBMC populations clustered in distinct areas of a viSNE map ( Fig. 5a) and could be identified on the basis of the restricted expression of canonical markers (Fig. 5b) . Similarly, MAP kinase signaling could be monitored on the basis of p38 MAP kinase phosphorylation and was restricted to the myeloid compartment. When we overlaid cytokine transcript expression on the map, we noted that cells that responded to LPS were mostly restricted to the region of CD14 + monocytes (Fig. 5c ). Thus this analysis provided a single-cell-resolution map of cytokine induction and MAP kinase signaling in PBMCs for transcriptional network analysis. discussion PLAYR enables highly multiplexed measurement of gene expression in hundreds to thousands of intact cells per second. On the protein level, single-cell measurements have prognostic and diagnostic value in multiple clinical settings [40] [41] [42] [43] . PLAYR extends such analyses to include transcript measurements and can supplement the use of antibodies, especially where exon-specific expression is concerned and no relevant antibody reagents exist. Immediate measurement of mRNA can overcome issues introduced with ex vivo processing of live cells, and experimental artifacts are minimized, as PLAYR detects RNA molecules directly without the need for cDNA synthesis 44 .
PLAYR can be used to characterize the interplay between transcription and translation at the single-cell level. Other applications include the clustering of complex cellular populations purely on the basis of transcript abundance, which could be particularly useful when high-quality antibodies are unavailable. We believe that such an approach will help to define new cell populations that share patterns of temporally or spatially regulated RNA expression. Of relevance to this last point, PLAYR can be deployed for index sorting 45, 46 and imaging approaches such as fluorescence microscopy and multiplexed ion beam imaging 47 , making it a flexible tool for studying gene expression in single intact cells on a variety of platforms.
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